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So what is Dark Matter?

• As particle physicists, we need to know 
how dark matter fits into a particle 
description of Nature.

• What do we know about it?

• Dark (neutral)

• Massive (cold/non-relativistic)

• Still around today (stable or with a 
lifetime of the order of the age of 
the Universe itself).

• Nothing in the Standard Model of 
particle physics fits the description.“Cold Dark Matter: An Exploded View” by Cornelia Parker
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Figure 20.1: The abundances of 4He, D, 3He and 7Li as predicted by the standard
model of big-bang nucleosynthesis. Boxes indicate the observed light element
abundances (smaller boxes: 2σ statistical errors; larger boxes: ±2σ statistical and
systematic errors). The narrow vertical band indicates the CMB measure of the
cosmic baryon density. See full-color version on color pages at end of book.

20.2. Light Element Abundances

BBN theory predicts the universal abundances of D, 3He, 4He, and 7Li, which are
essentially determined by t ∼ 180 s. Abundances are however observed at much later

July 14, 2006 10:37

Nucleosynthesis 
determines the density of 
baryons at early times; the 
amount of baryonic matter 
required is far smaller than 

the total quantity of 
matter.

Primordial black holes remain a possible 
candidate, but would need some kind of 

mechanism to explain their production and mass 
distribution.



The Dark Matter Questionnaire
  Mass

  Spin

  Stable?

  Yes

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

  Quarks / Gluons?

  Leptons?

Thermal Relic?

  Yes  No

 No

Thermal Relic?



Quarks

W

Leptons�Gluons

Photons

Z

Higgs

LHC

Direct Scattering

Gamma Rays

Neutrinos

ILC?

LEP

Anti-matter

Ultimately, we need to fill out the 
questionnaire experimentally.

But as we try to relate the results 
of experiments to one another and 

unravel the deeper theoretical 
underpinning, we need at least 

some kind of theoretical framework 
in which to cast our progress.

What could the theory be?
No lack of answers...

Map of DM-SM
 Interactions

Ultimately, we need to fill out the 
questionnaire experimentally.

But as we try to relate the results 
of experiments to one another and 

unravel the deeper theoretical 
underpinning, we need at least 

some kind of theoretical framework 
in which to cast our progress.

What could the theory be?
No lack of possibilities...
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A Dizzying Array...
• Every theory on the previous slide contains an interesting, worthy 

vision for dark matter.  And I am sure some are probably missing...

• Any of them could be the truth, or contain an element of the truth.  
We need to be prepared.

• There are also far far too many for me to go through them in any 
detail.  I will focus my discussion on three broad categories:

• Axions, and axion-like particles

• Sterile Neutrinos

• Weakly Interacting Massive Particles (WIMPs)

• The relevant Snowmass CF reports (CF1,2, 3, 4 and 6) contain a lot of 
very useful discussion of the details which I will not have time to 
address here, including (more) discussion of many theories.



Sterile Neutrino DM
• Dark matter may be connected to one of the 

other incontrovertible signals of physics beyond 
the SM: neutrino masses.

• The simplest way to generate neutrino masses 
in the SM is to add some number of gauge 
singlet fermions to play the role of the right-
handed neutrinos.

• If the additional states are light and not strongly 
mixed with the active neutrinos (as required by 
precision EW data), they can be stable on the 
scale of the age of the Universe and play the 
role of dark matter.

• Arriving at the right amount of dark matter 
typically requires delicately choosing the mass 
and mixing angle, or invoking some other new 
physics.
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Figure 9. Bounds on the mass M1 and the mixing angle ✓1 of the sterile neutrino dark matter for the models,
discussed in Section I D: DM in the ⌫MSM (Panel a, see text for details); DM produced in the model with
entropy dilution (Panel b); and DM produced in the light singlet Higgs decays (Panel c).

Neutrinos in gauge multiplets – thermal production of DM neutrinos

In this model sterile neutrinos are charged under some beyond the SM gauge group [65]. A natural
candidate are here left-right symmetric theories, in which the sterile neutrinos are sterile only under
the SM S U(2)L gauge group, but are active with respect to an additional S U(2)R, under which the
left-handed SM particles are sterile. The steriles couple in particular to a new gauge boson WR,
which belongs to S U(2)R. One of the sterile neutrinos N1 is light and plays the role of dark
matter, entering in thermal equilibrium before freeze-out. Other sterile neutrinos N2,3 should dilute
its abundance up to the correct amount via out-of-equilibrium decays. This entropy production
happens if there are heavy particles with long lifetimes, which first decouple while still relativistic
and then decay when already non-relativistic [197]. The proper DM abundance is controlled by the
properties of this long-lived particle through the entropy dilution factor S ' 0.76 ḡ1/4

⇤ M2
g⇤ f
p
�MPl

, where
g⇤ is an averaged number of d.o.f. during entropy generation, and M2 is the mass of the sterile
neutrino, responsible for the dilution. The X-ray constraint here bounds the mixing angle ✓1 of the
DM neutrino in the same way as for the ⌫MSM. The mixing between new and SM gauge bosons is
also severely constrained. The structure formation from the Lyman-↵ analysis constraints the DM
neutrino mass:, M1 > 1.6 keV, because its velocity distribution is that of the cooled thermal relic
[65, 160]. At the same time, this implies that the DM in this model is cold (CDM).

All other constraints in this scenario apply to the heavier sterile neutrinos and to the new gauge
sector. The correct abundance of the CDM sterile neutrino requires entropy dilution. To properly
provide the entropy dilution, N2 should decouple while relativistic and has a decay width
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At the same time, the heavy neutrino N2 should decay before BBN, which bounds its lifetime to
be shorter than approximately 0.1÷ 2 s. Then, the proper entropy can be generated only if its mass
is larger than

M2 >
✓ M1

1 keV

◆
(1.7 ÷ 10) GeV. (33)

The entropy is e↵ectively generated by out-of-equilibrium decays if the particle decoupled while
still relativistic. The bound on the decoupling temperature leads to a bound on the new gauge

27



Sterile Neutrino DM

• Structure formation requires 
masses greater than a few keV 
to avoid washing out small scale 
structures.

• Though rare, sterile neutrinos 
can decay into ordinary 
neutrinos and a photon, 
resulting in (mono-energetic) 
keV energy photons.

• Constraints from the lack of 
observation of such a signal put 
limits in the plane of the mass 
versus the mixing angle.

4 The (incomplete) landscape of candidates 37
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Figure 4. Sterile neutrino parameters to the right of the solid red curve are excluded by the X-ray
observations, if the sterile neutrinos make up all of dark matter. If the sterile neutrino abundance is
determined by neutrino oscillations and no other mechanism contributes, then the excluded region is smaller
(shaded area). Lower bounds from structure formation depend on the production mechanism, because they
constrain the primordial velocity distribution whose connection to mass and mixing is model dependent.
Also shown is the range in which the pulsar velocities can be explain by anisotropic emission of sterile
neutrinos from a supernova.

4.7 Superheavy dark matter

In addition to primordial black holes, there are a number of dark matter candidates that have large masses
and, therefore, are expected to have very low number densities. The search strategies for these dark
matter candidates are different from the usual searches in that no laboratory experiment has big enough
acceptance to detect a sufficient number of events, even if these particles are strongly interacting. Detection
is nevertheless possible with the use of ingenious alternative techniques: for example, one can study tracks in
mica (which has small size but ∼billion years of exposure), or seismic detectors, or ultrahigh-energy cosmic
rays from massive particle decays. Direct detection of supermassive particles is possible with the use of
large-volume detectors, such as ANITA, HAWC, IceCube, Pierre Auger, Super-Kamiokande.

Community Planning Study: Snowmass 2013
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Axion Dark Matter
• The axion is motivated by the strong CP-

problem, where the QCD θ term is cancelled by 
introducing a scalar field -- the QCD axion.

• The axion’s mass and coupling are determined 
by virtue of its being a pseudo-Goldstone boson 
and are characterized by the energy scale fa > 
109 GeV.

• The axion is unstable, but its tiny mass and weak 
couplings conspire to predict that for much of 
the viable parameter space its lifetime is much 
greater than the age of the Universe itself.

• More generally, string theories often contain 
axion-like particles which are long-lived and can 
play the role of dark matter but have less tight 
correlations between their masses and 
couplings.
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Figure 3. The landscape of axion searches. The vertical axis is the axion’s coupling to two photons. The
horizontal axis is the axion’s mass. The diagonal lines are the expected range in coupling for the QCD axion.
The allowed QCD axion window is approximately between 1 µeV and 1 meV. Dark matter QCD axions are
in the approximate mass range 1 µeV to 100 µeV, with the bounds having considerable uncertainties. Also
shown are upper limits from SN1987A (also white dwarfs) and HB stars (the red giant bound). Sensitivities
of various technologies are also shown (“Laser”, etc.). The QCD (PQ) dark-matter axions will be explored
with high sensitivity in the next decade by RF-cavity experiments. The solar experiments (CAST and
IAXO) have sensitivity a a large part of the non-PQ search space and the upper end of the QCD axion
window. Of course, there could be surprises in both mass and couplings.

4.3 Black holes

Primordial black holes (PBH) constitute a viable dark matter candidate. This is probably the only possible
form of dark matter that is not made up of exotic new elementary particles or forms of matter. Black Holes
(BH) have been contemplated as Dark Matter candidates since at least 1970s [183, 184, 185]. In fact, one of

Community Planning Study: Snowmass 2013

Axion Dark Matter
• The axion has a model-dependent 

coupling to electromagnetic fields 
that is somewhat smaller than 1 / fa.

• There is a rich and varied program  
of axion searches based on this 
coupling.

• One particular search looks for 
DM axions converting into EM 
signals in the presence of a strong 
background magnetic field.  

• Other very interesting new ideas 
are to look for time variation in the 
neutron EDM or the induced 
current in an LC circuit.

4 The (incomplete) landscape of candidates 21
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Figure 2. The search reach of the ADMX RF-cavity experiments over the next 3 years. The first decade of
allowed axion mass will be explored at “definitive” sensitivity to QCD axions over the next year. The middle
decade will be explored at over the following two years. These two decades are expected to encompass the
mass of the dark matter axion.

“Shining Light Through Walls” experiments, polarized laser light is directed down the bore of a transverse
dipole magnet. The light is then blocked by an opaque wall. Some of the photons convert into axions,
and these axions easily pass through the wall and reconvert to photons in a second dipole magnet. The
photon-axion-photon conversion rate is very small, since the axion to two-photon coupling is so tiny, and
the entire photon-axion-photon process contains the product of two such tiny couplings. Such experiments
are unlikely to be sensitive to PQ type dark-matter axions and are less sensitive than the SN1987A bound.
These experiments are therefore more fully considered in the Intensity Frontier [149].

More recently, experiments are being proposed and are under construction that increase the conversion rate
by introducing a pair of locked Fabry-Perot optical cavities on either side of the wall. The conversion rate is
thereby enhanced by approximately the product of the cavity finesses, with the sensitivity improving as the
square-root of this rate [150]. A large experiment based on this locked pair of optical cavities is REAPR,
a project proposed for US funding, but not year approved. A second large experiment ALPS II (proposed
for construction in several phases) has started construction at DESY. These experiments have improved
sensitivity, but are unlikely to reach sensitivity to PQ type dark-matter axions.

Community Planning Study: Snowmass 2013
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WIMPs
• One of the most attractive proposals for dark matter 

is that it is a Weakly Interacting Massive Particle.  

• WIMPs naturally can account for the amount of 
dark matter we observe in the Universe.  

• WIMPs automatically occur in many models of 
physics beyond the Standard Model, such as 
supersymmetric extensions with R-parity, extra-
dimensional theories with KK-parity, and natural 
theories of electroweak symmetry breaking with 
T-parity.

• I will try to avoid any further discussion of specific 
WIMP theories.  Most of the phenomena we will see 
are represented to different degrees in any of the 
commonly considered theories of WIMPs.

Available in Blue Raspberry, Fruit 
Punch, and Grape flavors....

$59.99 for 20 servings
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The WIMP Miracle
• One of the primary motivations for WIMPs is the 

“WIMP miracle”, an attractive picture explaining 
the density of dark matter in the Universe today.

•  The picture starts out with the WIMP in chemical 
equilibrium with the Standard Model plasma at 
early times.

• Equilibrium is maintained by scattering of WIMPs 
into SM particles, χχ -> SM.

• While in equilibrium at temperatures below its 
mass, the WIMP number density follows the 
Boltzmann distribution:

χ

χ
SM Particles

neq = g

(

mT

2π

)3/2

Exp [−m/T ]



Freeze-Out

• Expansion of the Universe eventually 
results in a loss of equilibrium.

• At the “freeze-out” temperature, the 
WIMPs are sufficiently diluted that they 
can no longer find each other to annihilate 
and they cease tracking the Boltzmann 
distribution.

• The temperature at which this occurs 
depends quite sensitively on σ(χχ -> SM): 
more strongly interacting WIMPs will stay 
in equilibrium longer, and thus end up with 
a smaller relic density than more weakly 
interacting WIMPs.

Universe 
Expands



Relic Density

• The observed quantity of dark matter is suggestive of a cross section for 
annihilation into SM particles: <σv> ~ 3 x 10-26 cm3/s, roughly independently 
of the mass of the dark matter.

x=m/T increasing
is

T decreasing
is

time increasing



Particle Probes of  WIMPs

• The common feature of particle searches for WIMPs is that all of them are 
determined by how WIMPs interact with the Standard Model.

Indirect Detection

Collider Searches

Direct Detection

χ

χ
SM ParticlesWIMPs

χ χ

SM Particles

WIMPs

χ

χ
SM Particles WIMPs



Direct Detection

WIMP

Target Nuclei

Signal
Recoil Energy, Direction, ...

June: larger v

December: smaller v

Sun

Earth

DM

• Direct detection searches for dark matter 
scattering off of terrestrial targets.

• Amazing progress has shown that backgrounds 
can be rejected to a very high degree.

• Handles include the recoil energy spectrum, 
distribution of recoil direction, and modulation 
of the signal with time.

• One challenge for the future is improving sensitivity 
to low mass dark matter (which carries less 
momentum and results in smaller signals).

• Eventually experiments will reach sensitivity to 
background neutrinos, which are independently 
interesting but will complicate WIMP searches.
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013
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(Missing the recent LUX update)
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Figure 27. A compilation of WIMP-nucleon spin-dependent cross section limits (solid curves) and
projections (dot and dot-dashed curves) for US-led direct detection experiments that are expected to operate
over the next decade.

experiments is required. In addition, continuation of a robust detector R&D program will ensure that new
technologies can be brought to bear on WIMP signals as they appear.

In a resource-limited environment, not every proposed direct detection experiment will be funded. Infor-
mation gleaned from past experiments, detector R&D e↵orts and other types of dark matter searches has
to be used to help inform funding agencies on how to choose a mix of experiments that will achieve the
fundamental science goals of WIMP dark matter discovery and subsequent study. Fig. 28 shows how a
“decision tree” for direct detection might utilize the information available from the current generation (G2)
of experiments to make choices for the next generation (G3) experimental suite. It is very important to keep
in mind that, even for the simplest scenarios, the science goals are unlikely to be met with a single direct
detection experiment, since confirmation from other experiments will be vital to convince the community
that the particle nature of dark matter has finally been established. The decision tree shown reflects our
roadmap presented in Section 1 and summarized as the following three stages:

A. Discovery: Search broadly for WIMPS, with at least an order of magnitude improvement in sensitivity
in each generation.

B. Confirmation: Check any evidence for WIMP signals using complementary targets and the same target
with enhanced sensitivity

C. Study: If a signal is confirmed, extract maximal information about WIMP properties using multiple
technologies.

11 Summary

It is the consensus of the scientific community that identifying the particle nature of the dark matter in our
universe is one of the most fundamental problems in particle physics today. The solution to this problem
may well lead the way to physics beyond the Standard Model. Direct detection of dark matter particles
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0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

Confidence intervals on the spin-independent WIMP-
nucleon cross section are set using a profile likelihood
ratio (PLR) test statistic [35], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus three
Gaussian-constrained nuisance parameters which encode
uncertainty in the rates of 127Xe, �-rays from internal
components and the combination of 214Pb and 85Kr.
The distributions, in the observed quantities, of the four
model components are as described above and do not
vary in the fit: with the non-uniform spatial distributions
of �-ray backgrounds and x-ray lines from 127Xe obtained
from energy-deposition simulations [31].

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [36], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/c

3; average Earth velocity of 245 km s�1,
and Helm form factor [37, 38]. We conservatively model
no signal below 3.0 keV

nr

(the lowest energy for which
direct NR yield measurements exist [30, 40]). We do
not profile the uncertainties in NR yield, assuming a
model which provides excellent agreement with LUX
data (Fig. 1 and [39]), in addition to being conservative
compared to past works [23]. We also do not account
for uncertainties in astrophysical parameters, which are
beyond the scope of this work. Signal models in S1 and S2

are obtained for each WIMP mass from full simulations.
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),
ZEPLIN-III [43] (magenta line) and XENON100 100 live-
day [44] (orange line), and 225 live-day [45] (red line) results.
The inset (same axis units) also shows the regions measured
from annual modulation in CoGeNT [46] (light red, shaded),
along with exclusion limits from low threshold re-analysis
of CDMS II data [47] (upper green line), 95% allowed
region from CDMS II silicon detectors [48] (green shaded)
and centroid (green x), 90% allowed region from CRESST
II [49] (yellow shaded) and DAMA/LIBRA allowed region [50]
interpreted by [51] (grey shaded).

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.
The 90% upper C. L. cross sections for spin-

independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [42,
43, 45, 46]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [42, 46, 49, 50].

LUX

Sensitivity example:  two “spin” amplitudes
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Xe is about 12 times more sensitive than Ge to standard
(longitudinal) spin          ,
per target nucleus

~SN (i)

but Ge is about 4 times more
sensitive than Xe to           ~̀

N (i)

(which is great, because together these two 
experiments tell one quickly which of the two 
vector operators is responsible for DM scattering
off a J=1/2 nucleus, and thus what class of
theories might be involved)

1211.2818



Indirect Detection
• Indirect detection looks for distinctive products 

of WIMP annihilation.

• High energy gamma rays, neutrinos, and anti-
matter are all interesting messengers that could 
reveal the presence of dark matter annihilations.

• Gamma rays: point back to their source and 
have relatively little propagation uncertainty 
in the galaxy.

• Neutrinos: arrive essentially unchanged from 
galactic sources.

• Anti-matter:  very distinctive signal, but lose 
direction and energy en route.

• Challenges include large and often poorly 
understood backgrounds and uncertainties in 
the dark matter distribution.

Via Lactea II
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Figure 1: Comparison of current (solid lines) and projected (dashed lines) limits on the DM
annihilation cross section from di↵erent gamma-ray searches as a function of WIMP mass. Limits
for Fermi (magenta lines) and H.E.S.S. (solid black line) are calculated for a 100% branching ratio
to bb. Projected limits for CTA are shown for WIMP annihilation to bb and a 500 hour observation
of Sculptor (red dashed line) and for WIMP annihilation to bb (black dashed line), W

+
W

� (green
dashed line), and ⌧

+
⌧

� (cyan dashed line) and a 500 hour observation of the GC. The calculation
of the annihilation flux for the GC region assumes an NFW MW halo profile with a scale radius
of 20 kpc and DM density at the solar radius of 0.4 GeV cm�3. Filled circles represent pMSSM
models satisfying WMAP7 constraints on the relic DM density and experimental constraints from
ATLAS and CMS SUSY searches and XENON100 limits on the spin-independent WIMP-nucleon
cross section [9, 10]. Models indicated in red would be excluded by the CTA 95% C.L. upper limit
from a 500 hour observation of the Galactic Center.

4 Projected Sensitivity of CTA for DM Searches. The potential of CTA for DM searches
and testing other exotic physics has been studied in detail by [23] using the projected performance of
several alternative array configurations [24] with 18–37 MSTs and di↵erent combinations of SSTs and
LSTs. For the study presented here we have considered the performance of a candidate CTA config-
uration with 61 MSTs corresponding to the baseline MST array with an additional US contribution
of 36 MSTs. This configuration has comparable point-source sensitivity to previously studied CTA
configurations below 100 GeV but 3 times better point-source sensitivity between 100 GeV
and 1 TeV.

Figure 1 shows the projected sensitivity of our candidate CTA configuration to a WIMP particle
annihilating through three possible final states: bb, W

+
W

�, and ⌧

+
⌧

�. For the Sculptor dSph,
one of the best dSph candidates in the south, CTA could reach ⇠ 10�24 cm2 s�1 at 1 TeV which is

3

Figure 15: A comparison of pMSSM predictions and projected CTA, H.E.S.S. and Fermi sensitivities.

secondary particles reaching the ground when a 100 GeV to 100 TeV cosmic ray or gamma ray interacts in the
atmosphere above the experiment. Gamma-ray primaries may be distinguished from cosmic-ray background
by identifying the penetrating particles characteristic of a hadronic particle shower. As of summer 2013, the
instrument is over 30% complete and is performing as designed. The full instrument will be completed in
summer 2014.

HAWC will complement existing Imaging Atmospheric Cherenkov Telescopes and the space-based gamma-
ray telescopes with its extreme high-energy sensitivity and its large field-of-view. The instrument has peak
sensitivity to annihilation photons from dark matter with masses between about 10 and 100 TeV. Much like
Fermi, HAWC will survey the entire Northern sky with sensitivity roughly comparable to existing IACTs
and will search for annihilation from candidates that are not known a priori, such as baryon-poor dwarf
galaxies. Furthermore, HAWC can search for sources of gamma rays that are extended by 10 degrees or
more and can constrain even nearby sub halos of dark matter.

4.6 Constraints on Dark Matter Decay from Gamma-Ray observations

While this discussion is somewhat beyond the scope of the present work, in some dark matter particles
it is possible that the dark matter is in the form of an unstable, but very long-lived particle. Example
of decaying dark matter include neutralinos with slight R-parity violation as predicted by models when
the gaugino masses are dominated by anomaly mediated supersymmetry breaking. [216, 217]. One such
candidate of some recent interest is the TeV-scale decaying Wino that could explain the PAMELA/AMS
excess [218]. Figure 17 gives some examples of constraints on decaying dark matter from indirect detection
experiments.
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ment where the secondary radiation is emitted. This makes the accurate definition of benchmarks all the
more important for this field. A detailed discussion of the uncertainties stemming from the magnetic field
parameters is given for example in figures 7 and 8 of [126].

At radio frequencies, the DM-induced emission is dominated by the synchrotron radiation. The power for
synchrotron emission takes the form [254]:

Psyn(x, E, ⌫) =

p
3 e

3

mec
2

B(x)F (⌫/⌫c) , (19)

where me is the electron mass, the critical synchrotron frequency is defined as ⌫c ⌘ 3/(4 ⇡)·c e/(mec
2)3B(x)E2,

and F (t) ⌘ t

R1
t dzK

5/3(z) is the standard function setting the spectral behavior of synchrotron radiation.
Radio emission from dark matter was studied in a variety of recent works, including [255, 256, 257]. Near
term and future radio facilities will give both large gains in low frequency capabilities (e.g. LOFAR, LWA)
as well as increased sensitivity (e.g. ASKAP, MeerKAT, SKA).

The peak of the inverse-Compton emission from electrons and positrons produced by dark matter annihilation
or decay for a large class of dark matter models falls in the hard X-ray band [128]. Future hard X-ray facilities
will feature significantly better imaging capabilities. While in the observation of distant extragalactic objects
the instrumental angular resolution is much less critical than the instrument field of view in the search for
a signal from dark matter, there are other astrophysical environments where the opposite might be true. A
clear example is the Galactic center, where source confusion plagues the possibility of a solid discrimination
between a di↵use signal from dark matter versus multiple point sources with gamma-ray observations. Hard
X-ray data on the Galactic center region will greatly help clarify the nature of the high-energy emission from
that region, in particular in connection with a possible dark matter interpretation.
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combine when their momentum di↵erence is less than a critical value, the coalescence momentum, p

0

.
But since p

0

is smaller than the QCD phase transition temperature, there is a strong sensitivity to the
hadronization model. Recent studies emphasize the need for event-by-event determination of the production
rates and are probing the sensitivities when di↵erent hadronization models are employed [178, 179, 180].
While theoretical progress is made, the best way to pin down the production uncertainty is unquestionably to
make a good accelerator measurement of p

0

, given the considerable discrepancy in the various measurements.
One possible source of uncertainty, which only drives up the expected primary flux, is due to the boost factor.
It was previously fashionable to consider boost factors up to 100 times or more, but recent simulations seem
to have definitively settled this issue, with boost factors in the range of 1-10 being the largest allowed
[181] . However the sensitivity curves presented here assume no boosting e↵ect (i.e., boost factor 1), and a
factor of 2 or 3 in boost would provide very substantial reach into discovery space for a number of models
presented here. Similar observations pertain to the secondary/tertiary background, except that in this case
it is the production uncertainties that dominate [182]. Most of the secondary/tertiary antideuterons are
produced in the Galactic disk, so the propagation is more local and thus less important. At any rate, for the
antideuteron searches the nominal or optimistic propagation and production parameters are very promising
for dark matter searches. The most pessimistic numbers would make prospects for detection problematic.
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Figure 5: LSP, LKP and LZP models along with the antideuteron background and the sensitivity of GAPS,
BESS and AMS (5 years) [183].

Figure 6 shows a scan of SUSY models overlaid on the sensitivity for a dedicated antideuteron search
experiment under various scenarios. The experimental curves correspond to a generic GAPS-like experiment
for balloon flights of various duration from a few to 10 months. This plot illustrates some of the opportunities
as well as challenges of antideuteron searches. An ensemble of supersymmetric (SUSY) model parameters
is shown, all yielding the same neutralino-annihilation cross-section and mass. To the right of the vertical
green line are results from a low-energy minimal SUSY model, and to the left are shown results from a low
mass non-universal gaugino model. The latter admits light neutralinos, which have recently been argued to
provide a candidate for the controversial DAMA/LIBRA, CoGENT and CDMS II signals [184, 185, 186].
The red dots indicate parameter space in the WMAP preferred density range, while the blue dots correspond
to models in which the thermally-generated neutralinos are subdominant. The gray models are ruled out
by antiproton searches. It has been argued that it is important to search the entire parameter space, not
just the WMAP preferred range, since there are many mechanisms to under-produce WIMPS in the early
universe and still have them detectable today [187]. The solid and dashed lines indicate the sensitivity of

Community Planning Study: Snowmass 2013

CF2 Report



Colliders
• High energy colliders offer the 

opportunity to produce dark matter in 
the laboratory.

• Since dark matter typically does not 
interact with a collider detector in 
transit, it reveals its presence as an 
imbalance in momentum conservation.

• Colliders have strengths in their exquisite 
control over the initial state, and well 
understood backgrounds.

• An important challenge is the fact that 
any observation of missing momentum 
will not be uniquely connected to dark 
matter: particles with lifetimes of ~1 s 
and ~14 Gyr are essentially the same 
signature.
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pMSSM

Cahill-Rowley et al, 1305.6921

LSP as DM and, more generally, the pMSSM itself. We remind the reader that this is an
ongoing analysis and that several future updates will be made to what we present here before
completion. In particular, the LHC analyses will require updating to include more results at
8 TeV along with our extrapolations to 14 TeV. While these are important pieces to the DM
puzzle it is our expectation that the addition of these new LHC results will only strengthen
the important conclusions based on the existing analyses to be discussed below.

102 103

m(�̃0
1) (GeV)

10�17

10�15

10�13

10�11

10�9

10�7

10�5

R
·�

S
I

(p
b)

XENON1T
Survives DD, ID, and LHC
Excluded by LHC but not DD or ID

Excluded by DD and ID
Excluded by ID but not DD
Excluded by DD but not ID

Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.

Fig. 9 shows the survival and exclusion rates resulting from the various searches and
their combinations in the LSP mass-scaled SI cross section plane. In the upper left panel
we compare these for the combined direct detection (DD = XENON1T + COUPP500) and
indirect detection (ID = Fermi + CTA) DM searches. Here we see that 11% (15%) of the
models are excluded by ID but not DD (excluded by DD but not ID) while 8% are excluded

17

• The MSSM is still our best-studied and 
best-motivated vision for physics beyond 
the Standard Model.

• Reasonable phenomenological models 
have ~20 parameters, leading to rich and 
varied visions for dark matter.

• This plot shows a scan of the `pMSSM’ 
parameter space in the plane of the 
WIMP mass versus the SI cross section.

• The colors indicate which (near) future 
experiments can detect this model: LHC 
only, Xenon 1ton only, CTA only, both 
Xenon and CTA, or can’t be discovered.

• It is clear that just based on which 
experiments see a signal, and which 
don’t, that there could be (potentially 
soon) suggestions of favored parameter 
space(s) from data.
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LSP as DM and, more generally, the pMSSM itself. We remind the reader that this is an
ongoing analysis and that several future updates will be made to what we present here before
completion. In particular, the LHC analyses will require updating to include more results at
8 TeV along with our extrapolations to 14 TeV. While these are important pieces to the DM
puzzle it is our expectation that the addition of these new LHC results will only strengthen
the important conclusions based on the existing analyses to be discussed below.
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Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.

Fig. 9 shows the survival and exclusion rates resulting from the various searches and
their combinations in the LSP mass-scaled SI cross section plane. In the upper left panel
we compare these for the combined direct detection (DD = XENON1T + COUPP500) and
indirect detection (ID = Fermi + CTA) DM searches. Here we see that 11% (15%) of the
models are excluded by ID but not DD (excluded by DD but not ID) while 8% are excluded
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• The MSSM is still our best-studied and 
best-motivated vision for physics beyond 
the Standard Model.

• Reasonable phenomenological models 
have ~20 parameters, leading to rich and 
varied visions for dark matter.

• This plot shows a scan of the `pMSSM’ 
parameter space in the plane of the 
WIMP mass versus the SI cross section.

• The colors indicate which (near) future 
experiments can detect this model: LHC 
only, Xenon 1ton only, CTA only, both 
Xenon and CTA, or can’t be discovered.

• It is clear that just based on which 
experiments see a signal, and which 
don’t, that there could be (potentially 
soon) suggestions of favored parameter 
space(s) from data.
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• The common thread that ties up direct, indirect, and collider searches for 
dark matter is how WIMPs interact with the Standard Model.
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Simplified Models
• We can also analyze dark matter searches 

in the context of simplified models.

• These contain the dark matter, and some 
of the particles which allow it to talk to the 
SM, but are not meant to be complete 
pictures.

• As a simple example, we can look at a 
theory where the dark matter is a Dirac 
fermion which interacts with a quark and a 
(colored) scalar mediating particle.

• There are three parameters: the DM mass, 
the mediator mass, and the coupling g.

• These are like the particles of the MSSM, 
but with subtle differences in their 
properties and more freedom in their 
interactions.

• Just like the MSSM was just one example of 
a complete theory, this is only one example 
of a “partially complete” one.
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Simple-fied Model
• This is a simplified model we already use 

to interpret searches at the LHC.

• The current version has 3 parameters: mχ, 
mq, and the LHC production σ.

• To make this useful to connect to (in)direct 
searches we should trade these for: mχ, 
mq, and g.  

• Collider production can be computed in 
terms of these quantities.  There are 
interesting differences between, e.g. 
Majorana and Dirac WIMPs.  

• We can also map them into the direct/
indirect parameter spaces (and the other 
way as well!).
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• Moving away from complete theories, we 

come to simplified models.

• These contain the dark matter, and some 
of the particles which allow it to talk to the 
SM, but are not meant to be complete 
pictures.

• As a simple example, we can look at a 
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fermion which interacts with a quark and a 
(colored) scalar mediating particle.

• There are three parameters: the DM mass, 
the mediator mass, and the coupling g.

• These are like the particles of the MSSM, 
but with subtle differences in their 
properties and more freedom in their 
interactions.
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 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of � 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Contact Interactions
• In the limit where the mediating particles 

are heavy compared to all energies of 
interest, we are left with a theory 
containing the SM, the dark matter, and 
nothing else.

• The residual effects of the mediators are 
left behind as what look like non-
renormalizable interactions between DM 
and the SM.

• These are the simplest and least complete 
description of dark matter we can imagine.

• For any particular choice of interaction 
type, there are two parameters: the DM 
mass and the strength of that interaction.
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FIG. 2: Dark matter discovery prospects in the (m�,�/�th) plane for current and future direct detection [51],
indirect detection [52, 53], and particle colliders [54–56] for dark matter coupling to gluons [57], quarks [57,
58], and leptons [59, 60], as indicated.

rate of both spin-dependent and spin-independent direct scattering, the annihilation cross section
into quarks, gluons, and leptons, and the production rate of dark matter at colliders.

Each class of dark matter search outlined in Sec. III is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly putting a bound on the
annihilation cross section into a particular channel. Since the annihilation cross section predicts
the dark matter relic density, the reach of any experiment is thus equivalent to a fraction of the
observed dark matter density. This connection can be seen in the plots in Fig. 2, which show the
annihilation cross section normalized to the value �th, which is required1 for a thermal WIMP to
account for all of the dark matter in the Universe. If the discovery potential for an experiment with
respect to one of the interaction types reaches cross sections below �th (the horizontal dot-dashed
lines in Fig. 2), that experiment will be able to discover thermal relic dark matter that interacts
only with that standard model particle and nothing else.

If an experiment were to observe an interaction consistent with an annihilation cross section
below �th (yellow-shaded regions in Fig. 2), it would have discovered dark matter but we would infer
that the corresponding relic density is too large, and therefore there are important annihilation
channels still waiting to be observed. Finally, if an experiment were to observe a cross section
above �th (green-shaded regions in Fig. 2), it would have discovered one species of dark matter,
which, however, could not account for all of the dark matter (within this model framework), and
consequently point to other dark matter species still waiting to be discovered.

In Fig. 2, we assemble the discovery potential and current bounds for several near-term dark
matter searches that are sensitive to interactions with quarks and gluons, or leptons. It is clear
that the searches are complementary to each other in terms of being sensitive to interactions with
di↵erent standard model particles. These results also illustrate that within a given interaction type,
the reach of di↵erent search strategies depends sensitively on the dark matter mass. For example,
direct searches for dark matter are very powerful for masses around 100 GeV, but have di�culty
at very low masses, where the dark matter particles carry too little momentum to noticeably a↵ect
heavy nuclei. This region of low mass is precisely where collider production of dark matter is easiest,
since high energy collisions readily produce light dark matter particles with large momenta.

1
For non-thermal WIMPs, e.g. asymmetric DM, the annihilation cross-section does not have a naturally preferred

value, but the plots in Fig. 2 are still meaningful.
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A Possible Timeline

LUX sees a handful of 
elastic scattering events 
consistent with a DM 

mass < 200 GeV.
Fermi observes a faint 
gamma ray line at 150 
GeV from the galactic 

center.

Xenon sees 
a similar signal.

Two LHC experiments 
see a significant excess of 

leptons plus missing 
energy.

Neutrinos are seen 
coming from the 
Sun by IceCube.No jets 

+ MET

A positive signal of axion 
conversion is observed at 

an upgraded ADMX.
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Outlook 
• Putting together a detailed particle description of dark matter will 

necessarily involve many experimental measurements.

• Important details such as the mass and spin will hopefully come along as 
part of that program.

• The US plays a leading role in a vibrant program that covers a huge space 
of possibility from ultra-weakly interacting particles such as axions and 
sterile neutrinos to WIMPs and beyond.

• For WIMPs, the three traditional pillars of dark matter searches: direct, 
indirect, and collider, naturally probe different parts of the space of DM-SM 
couplings.

• They are highly complementary to one another in terms of discovery 
potential.

• Considered together, they can probe a large fraction of the space of 
interesting WIMP models in the near future.


